We discuss the merger process of binary black holes with Hawking radiation taken into account. Besides the redshifted radiation to infinity, binary black holes can exchange radiation between themselves, which is first redshifted and then blueshifted when it propagates from one hole to the other. The exchange rate should be large when the temperature-divergent horizons are penetrating each other to form a single horizon with unique temperature. This will cause non-negligible mass and angular momentum transfer between the black holes during the merging process of the horizons. We further argue in the large mass ratio limit that the light hole whose evaporation is enhanced by the competing redshift-blueshift effects will probably evaporate or decay completely before reaching the the horizon of the heavy one, generalising our previous Rindler/Tachyon speculations which state that a probe particle collapsing into a non-extreme black hole will completely decay into gravitons (or closed strings more generally) before reaching the horizon. We also discuss the possibility of testing Hawking radiation and even exploring the information loss puzzle in gravitational wave observations.
Introduction
The gravitational science has been brought into a new era since the first observation of gravitational waves (GWs) from binary black holes by the LIGO/Virgo collaboration [1, 2] . The successful discovery opens a new window for the observational channels. It provids a powerful tool to probe the properties of black holes.
The confirmation of a GW event needs the match of the signal with a large amount of waveform templates. The physical parameters of the original black holes and the final one are meanwhile inferred from the matched waveform. The templates are evaluated in general relativity with a combination of the analytical and numerical methods. This is usually based on the classical mechanics of the binary system, in which the black holes are usually taken as point-like particles that only have masses and spins.
However, black holes are objects of finite size with an event horizon that can radiate. The black hole mechanics takes close analogy to the thermodynamical laws. This inspires the findings that black holes have the thermal features, like entropy and temperature. In the semiclassical theory, it was shown by Hawking [3] that black holes can radiate in the black body spectrum from their event horizons. So black holes should evaporate and evolve due to the Hawking radiation. As observed far from the hole, the Hawking temperature is quite small and negligible for a massive black hole so that it has a long lifetime [4, 5] .
It has been pointed out that the mechanical laws for isolated black holes can be extended to the case of multiple black hole systems [6] . This is further verified in various examinations in post-Newtonian (PN) and field theory approaches [7, 8, 9, 10] . It implies that thermal features should still hold in multiple black holes. The black holes should also evolve due to radiation. It is easy to find that, except for the radiation escaping to infinity, the black holes in the multiple system could exchange Hawking radiation among themselves.
So, involving the quantum features of black holes, we should take Hawking radiation into account in considering the dynamics and GW emission of binary black holes, as suggested in [11] . Of course, the Hawking radiation from a massive black hole is quite weak as observed just some distance away from horizon. The thermal particles emitted from the event horizon will be mostly reflected back by the curvature of the spacetime and only very few of them with high energies can escape from the near-horizon region. But the radiation exchanged between the black holes will be not necessarily weak, in particular when the black holes get very close to each other. For a stationary black hole, the local Hawking temperature increases as distance decreases and diverges at exactly the horizon. So the radiation exchanged between two holes in a binary system should be stronger as their separation becomes smaller. The exchange rate should be large (even divergent) as the horizons of the black holes touch each other.
This can also be understood in the "thermal atmosphere" scenario [12] . Due to Hawk-ing radiation, the space around a black hole is not empty for local observers near the horizon in the semiclassical theory. In the membrane paradigm, the thermal particles emitted and trapped in the narrow layer just above the horizon form a "thermal atmosphere", which can be viewed as a surrogate of the black hole. It recodes all the information of the hole in its history, including the mass, angular momentum and entropy. So the merging process of binary black holes can be viewed as the mixing process of two thermal subsystems. There should exist mass and angular-momentum transfer between the two atmospheres.
The exchange of Hawking radiation will cause the black hole parameters to vary with time. In contrast to the classical theory case, the masses and angular momenta of the black holes may not be constant any more. In particular, the variation of the black hole parameters should become quite prominent when the temperature-divergent horizons are penetrating each other. The time-varying parameters should affect the waveforms of GWs emitted from binary black holes with different mass ratios. So we might discriminate these features from the GW signals and test the Hawking radiation effects.
The paper is organised as follows. In Section 2, we first discuss the exchange of Hawking radiation between two black holes when they get closer and closer. At the final stage of the merger, this leads to non-negligible mass and angular momentum transfer between the holes and causes the black hole parameters to evolve. For a binary system with unequal masses, the evaporation of the light hole will be greatly enhanced in the near-horizon region of the heavy hole. In the large mass ratio case, we argue in Section 3 that the light hole will evaporate completely before reaching the horizon of the latter. In the final section, we summarise and make some extended discussions.
Towards the merger of radiating black holes
We first discuss generally the merger process of two radiating black holes when they move closer and closer. Here, we only consider the non-spinning black holes for simplicity. It is straightforward to extend the results to the spinning case.
For a single black hole in empty vacuum, the temperature of Hawking radiation observed at spatial infinity is proportional to the horizon surface gravity: T H = κ/2π. The local temperature observed by a stationary observer at any distance larger than the horizon radius is [13] 
where the redshift factor V = ξ µ ξ µ with ξ µ being the Killing vector of the spacetime.
κ is constant on the orbits of ξ µ : L ξ κ = 0. Specifically, it is constant on a stationary horizon, obeying the zero-th law. The Killing vector is null on the horizon. So the local temperature diverges on the horizon. For a Schwarzschild black hole with mass µ, the surface gravity κ = 1/4µ and the redshift factor is
The local temperature decreases as the distance increases due to the gravitational redshift V . It is approximately equal to T H at a distance of the scale ∼ µ from the horizon. But it becomes large at a distance r = 2µ(1 + ǫ) (0 ≤ ǫ ≪ 1) very close to the horizon:
Let us consider the binary black holes with raidii r M = 2M and r m = 2m, where M and m (M ≥ m) are the masses of the black holes. The black holes still evaporate to future infinity I + . Meanwhile, they can also exchange Hawking radiation between themselves. The radiation from the past horizon H − of one of the holes can go to the future horizon H + of the other hole. During this process, the radiation is not always redshifted, but is first redshifted near the starting hole and then blueshifted near the ending hole. There should be a turning point for this redshift-blueshift transition on each trajectory in between the two holes. The locations of the turning points should change as the binary system evolves. The total redshift effect on a light ray from one horizon to the other is a competing result of the redshift effects around the two holes (notice that the redshift factors may be modified in the binary system) since the redshift factor of one of the holes serves as the blueshift factor for the other hole.
As we shall discuss in detail below, the counter effects can make the Hawking radiation exchanged between black holes more important than the radiation to infinity. For the thermal radiation, we determine the radiation flux by comparing the temperatures, which are more conveniently measured at the turning points (or surface). Since the redshift factors of the two black holes are truncated by each other, the local temperatures observed at a turning point should be larger than the one observed at infinity. They will be large when the separation of two holes becomes very small.
The exchange of Hawking radiation between black holes will induce the evolution of the black hole parameters, like the masses and spins. The thermal particles radiated from one hole can carry some portions of mass and angular momentum away to the other hole. This causes the mass and angular momentum transfer between the black holes, which results in the time-varying parameters according to the first law of mechanics.
Large separation analysis
Initially, the two black holes are separated by a large distance (much greater than their horizon radii), inspiralling around each other with slow velocities. So the black holes may be approximately taken as two isolated holes separated from each other. Their relative motion and tidal interactions can be neglected. In this case, their redshift factors V M and V m simply take the same form (2) as in the isolated case. The radiation following any trajectory from the hole m propagating to the one M is first redshifted and then blueshifted beyond a turning point.
We consider the turning point on the trajectory that coincides with the straight line crossing both black hole centres, on which the exchange rate of Hawking radiation is the largest. The position of the turning point can be estimated by the balancing condition of the counter redshift effects
Set the separation of the two horizons to be D and the distance of the turning point to the horizon of the hole m to be d T . From the condition, the turning position is determined to be at
So the turning point is closer to the smaller hole. At the turning point, the redshift factors are truncated to be
For finite D, the temperatures are larger than the corresponding ones observed at infinity. When M = m, the black holes have the same temperature and the net radiation flux between the black holes is zero, i.e., each hole radiates and absorbs the same amount of thermal particles (neglect the radiation to infinity). When the black holes have different masses: M > m, the difference of the local temperatures △T = T m − T M > 0. This means that there is a net flux of thermal particles from the small hole to the large hole.
As the separation D decreases, the distances d T and D − d T to the horizons of the two black holes both decrease. So the redshift factors V m and V M are both more deeply truncated. The local temperatures and their difference at the turning point increase with D decreasing. But, in the large separation limit, the temperatures and their difference are very small for massive black holes.
Formation of "common envelopes"
Due to Hawking radiation, a black hole is expected to evaporate completely in a finite time. The lifetime of a black hole is calculated in [4, 5] by summing up the emission rates of all species of particles that exist in nature. Thermal particles radiated from the horizon will be possibly reflected back by the curvature of the black hole spacetime. This gives rise to an absorption cross section for each kind of the particles, which characterises a black sphere. The black body radiation of the particles is viewed to be emitted from the surfaces of the black spheres. At high energies, the radius of the black sphere for all kinds of particles is √ 27µ for a hole with mass µ. In a binary system, either hole contains a black sphere for a kind of particle. When the separation r M + r m + D between the black holes becomes smaller than the total radii of the two black spheres, there should form a "common envelope" for the corresponding particles. This common envelope is like the one formed in binary systems of ordinary stars when their Roche lobes are both filled with stellar material. Within the black hole common envelope, the particles radiated from one of the holes are possibly absorbed by itself or by the companion hole. If the black holes have different temperatures, the low-temperature (high-temperature) hole will absorb more (less) particles than it radiates. But the communication rate of particles in the common envelope is still low if the separation D is not small enough.
The merger of the temperature-divergent horizons
When the black holes get closer enough, their horizons start to penetrate each other. In this process, the dynamics of the system is non-perturbative and is usually studied numerically. The black holes may attain relativistic velocities and the tidal interactions between them become strong. It is found in numerical studies that delicate phenomena emerge in this process [14, 15, 16, 17, 18] .
During the merging process of the horizons, the exchange of Hawking radiation should be very strong because the local temperatures become extremely high approaching the horizons (Note that the horizons are deformed and develop spikes during this process [14, 15, 16, 17] ). Then the communication rate of Hawking radiation particles between the two holes will become infinitely large, if the semi-classical theory is still trustable in this case. This process proceeds till the merging horizons reach a thermal equilibrium horizon with unique temperature.
Hence, the mass and angular momentum transfer between the holes will be very strong if the divergence of the local temperatures can not be avoided. It was shown that, in the presence of a companion object, the black hole will be cooled by the tidal interactions [19, 10] . In what follows, we shall argue that the tidal interactions and relative motion between black holes are unable to effectively attenuate the extremely high exchanging rate of Hawking radiation.
Tidal force
In the binary system, the surface gravity of a black hole is in opposite direction to the tidal force from its companion hole. So the surface gravity or Hawking temperature may be lowered due to the tidal interactions. But, as we argue below, this is not enough to avoid the divergence of the temperatures and their difference on the touching horizons.
First, the divergence of the temperatures on the horizons should not be avoided by tidal interactions. The tidal force by the companion black hole can not reduce the surface gravity on the horizon to zero because zero temperature is not achievable according the third law of thermodynamics. For a non-zero temperature, the local Hawking temperature on the horizon is still divergent since the Killing vector in the redshift factor is null on the horizon.
Second, the huge difference of the local temperatures between merging black holes can not be narrowed down by the tidal forces. The radius of curvature near a black hole with mass µ is R ≃ (r/r H ) 3/2 r H , where the radius of the horizon r H = 2µ. So, in the binary system, the tidal force on the heavy hole by the light hole is stronger than the reverse one. It has been examined in the numerical simulations for extreme mass ratio systems [15] . The light black hole moving near the large black hole horizon is just like that it moves in a flat spacetime since the curvature near the heavy hole is quite small, while the horizon of the heavy hole is strongly deformed by the light black hole. This means that the heavy hole will be cooled more than the light one. Thus, the tidal interactions will increase the temperature difference rather than smooth it.
Motion
At the merging stage, the relative velocity between the black holes can reach the relativistic regime. For example, the relative velocity (divided by the speed of light) in the first observed GW event [1] is nearly β ∼ 0.6 at the end of the merger.
The relative motion between the holes can provide an extra redshift factor for the Hawking radiation between them. Let us examine the effect by considering the radiation from a radiating and moving source in Minkowski spacetime though the spacetime in our case is highly curved. The Doppler factor for the observed radiation by a static observer is:
where β is the velocity of the radiating source relative to the observer and Γ = 1/ 1 − β 2 is the Lorentz factor. The angle θ is the one between the moving direction of the source and the line of sight of the observer. The observer will see that the temperature is shifted by T → DT . In our case, we can choose one of the black hole as the observer and the other as the moving and Hawking radiating source. For head-on collision of the black holes, the angle is θ = 0. The Doppler factor is D = (1 + β)Γ. So the Hawking radiation from one of the holes to the other is boosted in head-on collision.
For the circular rotation case, the angle is θ = π/2 and so the Doppler factor is D = 1/Γ. In this case, the Hawking radiation between the holes is de-boosted. But this redshift effect is finite. For binary black holes with relative velocity β = 0.9, the Doppler factor is not quite different from the case with zero velocity. Even for the ultra-high velocity β = 0.99, the Lorentz factor is Γ ≃ 7. But this case seems not easy to happen because it needs tremendous energy to power a massive black hole to reach such a high velocity. So the circular motion is also unable to effectively attenuate the strong Hawking radiation exchanged between merging black holes.
The extreme mass ratio limit
As the Hawking radiation is exchanged, there should exist mass and angular momentum transfer between the black holes, which causes the black hole parameters to evolve. To access the details of the evolution of the parameters, numerical calculations are needed for the general case. But the discussion may be simplified in the case for two nonspinning black holes in the extreme mass ratio limit, in which we could take the probe approximation. This case is applicable to the binary systems of a supermassive galactic black hole orbited by a stellar black hole, which are targets of future LISA detectors [20] .
For a large mass ratio k ≡ M/m, the background spacetime is dominated by the one of the heavy hole and is perturbed by the light hole at the order O(m 2 ) [21] . The light hole looks like a particle of size ∼ m immersed in the background spacetime and it only governs the spacetime that is close to it [15] . In the probe limit, we assume that the spacetime of the heavy hole is rigid and unaffected by the light hole. We ignore the tidal interactions between the holes, which actually increases the difference of the local temperatures as argued in the previous section, and the horizon deformations [14, 15, 16, 17] when the horizons moves towards touching each other.
We shall mainly focus on the process that happens near the horizon of the heavy hole. This region is within the innermost stable circular obit (ISCO), beyond which the light hole will plunge into the heavy hole. Its velocity should be radially dominated. In this case, the relativistic motion can actually boost the exchange rate of Hawking radiation. But, we here ignore this Doppler boosting effect from the relative motion.
With the approximations, the turning point (we only consider one turning point, through which the exchange rate is the largest) could be determined by the counter redshift effects from the two Schwarzschild black holes. The redshift factors take the same form as given in Eq. (6) . Let us redefine the separation D = xr m with the dimensionless variable x. With large mass ratio, the turning position is at
The local temperature of the light hole with the redshift factor at the turning point is
The temperature T (m) H is associated with the intrinsic surface gravity of the light hole measured in the isolated case. The radiation from the heavy hole to the light hole is negligible since the temperature difference is large for large k.
When D r M or x k, the local temperature is nearly equal to T H . This means that its evaporation rate is almost 10 12 times larger.
As the light hole moves closer to the heavy hole, the evaporation becomes more strongly enhanced since the redshift factor is more deeply truncated. It will lose mass more quickly, which makes it even hotter. The local temperature diverges at the horizon of the large hole (x → 0), consistent with the analysis in the previous section. Thus, the light hole will finally evaporate completely before reaching the horizon of the heavy hole since the evaporation rate diverges there.
This can be clearly seen with some simple calculations. Near the horizon of the heavy hole, the light hole moves with relativistic velocity and so D ≃ −t + const with the local time interval dτ = V M (d T )dt. Then the evolving equation of the mass of the light black hole towards the merger with the heavy hole can be expressed as
where δΩ is the solid angle of the Hawking radiation from the the light hole that is effectively enhanced. We can set the mass m at some initial point x = x 0 as m 0 . The mass becomes m 1 at point x = x 1 (x 0 > x 1 ). Then we have from the integration of the above equation:
where K is a positive constant. So the mass decreases as the separation x decreases. The light hole will evaporate completely with m 1 = 0 at
before the horizon of the heavy hole is reached. The evaporated particles is mainly absorbed by the large hole. The result is quite different from that in classical theory, but is similar to the speculations in the Rindler/Tachyon correlation proposed in our previous works [22, 23] (and its extension to the dS space [24] ). The mysterious similarity between the action of a probe particle in Rindler space (the geometry near the horizon of a non-extreme black hole) and the tachyon effective action may suggest that the collapsing process of matter towards a black hole horizon is a tachyon condensation process, with the Hawking temperature equal to the Hagedorn temperature in tachyon field theory. The self-energy of the particle will leak to the background spacetime and will be absorbed by the black hole as it moves toward the horizon. In terms of the tachyon field theory, the particle will eventually decay completely into massless and massive closed strings (or gravitons in pure gravity) before reaching the horizon. Our discussion here thus extends this suggestion to the case of particle-like black holes: a light hole moving towards a massive hole will evaporate or decay completely before reaching the horizon (the Hawking radiation in string theory can be viewed as emission of massless closed strings). But the difference is that here the "particle" is radiating and has temperature.
It is unknown whether the result holds beyond the large mass ratio limit. We guess so if the divergence of the temperature (difference) can not be avoided. But this awaits for critical examinations in numerical simulations.
Conclusions and discussions
We consider the merger process of binary black holes when Hawking radiation is involved. The black holes in a binary system should radiate to each other, leading to mass and angular momentum transfer between them. This quantum effect could be prominent in two situations. One is the case that at least one of the black holes has a high temperature (like the low-mass PBHs [25] ). The other is at the final moments of the merging process of massive black holes.
As learnt from common sense, the exchange of Hawking radiation particles, which include all kinds of particle in nature, will exert a force or a torque on each of the black hole. This torque tends to slow down the rotation of the binary system so that the black holes can more effectively get closer. The force is the Casimir style since the creation of thermal particles from the event horizons resembles the one on a moving mirror via the dynamical Casimir effect [26] (they may be essentially the same [27] ). The Casimir-Polder force between black holes due to the exchange of gravitons have been discussed in [28, 29] . It is also expected that the Casimir force between black holes due to exchange of photons could exist since the black hole horizons can be viewed as conductors with surface resistivity 4π = 377 ohm [30, 31, 12] .
The exchange rate of radiation will get extremely large when the temperature-divergent horizons are penetrating each other, even for the binary black holes with the same temperature. We argue that the divergence of the Hawking temperature on the horizons is unable to be attenuated by tidal interactions and relative motion between the black holes. For binary black holes with different temperatures, the difference of the local temperatures will diverges once their horizons touch, which implies that the horizons will instantly evolve into a thermal equilibrium horizon due to huge difference of the temperatures. The divergence may be hidden from far observers by a common outer horizon formed before the black hole horizons touch each other [32, 18] .
We find that it is interesting to discuss the merger of binary black holes with large mass ratio. In the binary system, the evaporation of the light hole is greatly enhanced in the background spacetime of the heavy hole. When the light hole moves in the large spacetime of the heavy hole, it will probably evaporate completely before reaching the horizon of the latter. This is surprisingly consistent with our speculations of the Rindler/Tachyon equivalent descriptions.
The observation of the GWs provides a unique method to probe the nature of black holes and to test gravities beyond GR (e.g., see the reviews [33, 34] ). The exchange of Hawking radiation will cause the parameters of the black holes to evolve, which will make the GW waveforms different from those predicted in classical theory of gravity. It is hopeful that we may test it in future precise GW observations. The effect is prominent during the merging process of the horizons, which occurs in a short timescale. Moreover, the inferred masses (and spin) of the black holes from the signal waveforms are not well determined (at a degree of 90% for the first observed event [2] ). So all these challenge the test of Hawking radiation in GW observations.
The situation may be improved in binary systems with large mass ratios, which are potential arena for testing fundamental physics [35, 36] . We have shown that the light hole would significantly lose mass when approaching the near-horizon region of the heavy hole. We also show that the light hole whose evaporation is greatly enhanced will completely evaporate into the heavy hole finally before reaching the horizon of the latter. So it is possible to explore the information loss paradox in the GW observations from such binary systems since the the evolution of the light hole during its whole life is recoded in the GW signals. People have long been puzzled by the information loss problem. When matter collapse into a black hole, its information is lost forever, which violates the laws of quantum mechanics. Many theories have been proposed to solve the problem [37, 38, 39, 40] . Some of them are related to the final stage of the evaporation at the Planck scale, at which a remnant is left or the hole bursts. This could be observable if the light hole indeed "dissolves" into a large hole.
Before making the precise judgement, we need first to develop detailed theories on the merger process of radiating black holes and produce the corrected waveforms of GWs with numerical relativity in the strong gravity regime.
